The structural, electrical, and optical properties of ZnO thin films electrochemically deposited from a chloride solution are investigated. We focus on deposition temperatures. The band gap energy decreased from 3.50 to 3.44 eV as deposition temperatures increased from 60 to 80°C. This variation of band gap is discussed with respect to both conduction and valence band shifts, and the Burstein-Moss effect caused by numerous carriers. Increase in the carrier density of ZnO thin films was observed with increasing deposition temperature; a markedly-high carrier density of 1 © 10 21 cm ¹3 was exhibited. The origin of the carrier density was also investigated. Although the Cl ¹ content in ZnO thin films decreased with increasing deposition temperature, the increase of Cl ¹ acting as a donor was indicated.
Introduction
Zinc oxide (ZnO) is a direct transition semiconductor with a band gap of ca. 3.3 eV. By controlling the optical and electrical properties through doping, ZnO can be used in light emitting diodes, sensors, and as transparent conductive films. 19) For photovoltaic applications, ZnO can be used as optical electrodes in dye-sensitized solar cells, and as front contacts for compound semiconductor solar cells. Because of the wide range of applications of ZnO, several methods for the preparation of ZnO films have been reported. 1018 ) ZnO film synthesis can be categorized into two groups: physical synthesis (dry processes) and chemical synthesis in solution phases (wet processes). In dry processes, highly crystalline ZnO films are prepared by metalorganic chemical vapor deposition and sputtering. 1014) In general, high crystalline ZnO films are expensive and/or require high temperatures, i.e., above 350°C. 15) Therefore, dry processes are limited by the temperature that the plastic substrate can tolerate. Alternatively, highly crystalline ZnO thin films can be obtained at low temperatures by wet processes.
1618) During electrodeposition, ZnO is obtained by the dehydration of zinc hydroxide; it can also be produced electrochemically by oxygen reduction, 19, 20) nitrate ion reduction, 21, 22) or hydrogen peroxide reduction. 23, 24) ZnO films electrodeposited from a nitrate solution exhibit a band gap of 3.3 eV and a carrier density of approximately 7 © 10 17 cm
¹3
. 22, 25) The carrier density of ZnO electrodeposited from a chloride solution is greater than that of a ZnO film electrodeposited from a nitrate solution. Cl ¹ doping replaces oxygen ions and results in increased carrier density. 25) ZnO films produced in a Cl ¹ solution exhibit a carrier density of 9 © 10 19 cm
. 26) Cl ¹ doping of the ZnO crystal lattice gives the film a markedlylow resistivity and makes it more applicable in electric devices such as front contact of solar cells.
26)
The dependence of the electrical properties of ZnO films electrodeposited from a nitrate solution on deposition temperature has been studied extensively. Increasing the deposition temperature has been shown to be a reliable way to decrease electrical resistivity. 27) However, the effect of deposition temperature on the electrical properties of ZnO films from Cl ¹ solutions has not been studied extensively. In this study, we explore the temperature dependence of electrodeposited ZnO films from a chloride solution. The electrical, optical, and structural properties will be evaluated in detail on the basis of various deposition temperatures. We demonstrate a noticeable widening of the band gap energy compared with ZnO electrodeposited from a nitrate solution and discuss the possible origin of the band gap expansion.
Experimental

Materials
Potassium chloride (KCl, 99.95%) and zinc chloride (ZnCl 2 , 98%) were purchased from Merck and used without further purification. Deionized water (18.2 M³ cm, Milli-Q Academic A-10, Millipore) was used in all experiments.
Electrochemical deposition of ZnO thin films
Fluorine-doped tin-oxide-coated glass (FTO, 8 ³ sheet resistance, Asahi Glass) was sequentially washed in a detergent, acetone, and 2-propanol, and soaked in 45% nitric acid for 2 min. The FTO substrate was then attached to an electrode holder for a rotating disk electrode and used as a working electrode for the deposition of ZnO thin films. A platinum wire and a KCl saturated Ag/AgCl electrode were used as counter and reference electrodes, respectively. The FTO substrate was maintained at ¹1.15 V in an oxygensaturated 0.1 M KCl aqueous solution for 30 min at 500 rpm. Then, ZnCl 2 was added to the electrolysis bath to a concentration of approximately 5 mM, followed by the replacement of the counter electrode with a Zn wire. ZnO thin films were then electrodeposited at ¹1.05 V for 30 min. The deposition temperature was varied from 60 to 90°C.
+1
Oxygen saturation in the electrolyte bath was maintained with constant oxygen percolation during electrodeposition.
Characterization of ZnO thin films
The crystal structures of the ZnO thin films were characterized by X-ray diffraction (XRD). Film morphologies were observed with a scanning electron microscope (SEM). The optical properties were evaluated by UVvisNIR absorption spectroscopy. The chemical composition of the ZnO film was determined by X-ray photoelectron spectroscopy (XPS). The carrier density was evaluated from Mott-Schottky plots of the ZnO film capacitance. The resistivity of the ZnO thin films was measured by the following 2-point probe method. The ZnO thin films were cut into 3-mm-wide rectangles. Two Al electrodes with a gap of 1 mm were deposited onto the cut ZnO thin films by vacuum evaporation.
Results and Discussion
Figure 1(a) shows the XRD patterns of the ZnO thin films resulting from electrochemical deposition onto the FTO substrates at various deposition temperatures. All the XRD patterns showed that the films have a hexagonal wurtzite crystal structure at all deposition temperatures. The strongest peak located at 34.4°corresponded to the (002) lattice plane. This result suggests that the c-axis of the ZnO crystal is perpendicular to the FTO substrate. All the diffraction peaks of the electrodeposited ZnO were shifted to smaller angles compared to JCPDS data for pure ZnO (No. 36-1451). 28) Smaller angles suggest that the electrodeposited ZnO crystals have a larger lattice size than that of pure ZnO. For a hexagonal wurtzite structure, lattice constants (a and c) and Miller indices (h, k, l) can be related to the plane spacing (d hkl ), as shown in eq. (1).
Lattice constants a and c are obtained using d (103) and d (002) . Calculated lattice constants of the electrodeposited ZnO relative to various deposition temperatures are shown in Fig. 1(b) . As predicted from the XRD patterns, the lattice constants of the electrodeposited ZnO are greater than those of pure ZnO (a = 0.3249 nm, c = 0.5206 nm). In general, lattice expansion or constriction in one direction is caused by stress resulting from adverse strain in a perpendicular direction. Hence, we hypothesize that the expansion of the lattice of the electrodeposited ZnO can be attributed to the Cl ¹ ions doping within the lattice and/or the incomplete dehydration of ZnO. 27, 29) As the deposition temperature increased from 60 to 90°C, lattice constants a and c decreased from 0.3259 and 0.5223 nm to 0.3253 and 0.5219 nm, respectively. Because the increase of deposition temperature enhances the dehydration from zinc hydroxide and leads to decrease of Cl ¹ content in ZnO as reported in Ref. 30 ), this constriction of lattice size supports our hypothesis. Figure 2 shows SEM images of the surface structures of the ZnO thin films electrochemically deposited at various deposition temperatures. At deposition temperatures from 60 to 80°C, a dense surface structure formed by closely packed columnar ZnO grains was observed from both the top-down and cross-sectional SEM images. The surface of the electrodeposited ZnO thin films showed a number of distorted round shapes, which would be explained as a result of interference between adjacent growing ZnO grains. These grains could correspond to the (001) plane of a hexagonal ZnO crystal because of the crystal orientation of the ZnO thin films. The size of the grains decreased with increasing deposition temperature. Because similar morphological changes correlated with growth rate have been reported, 31) the decrease in grain size would be attributed to a slower growth rate at higher temperatures due to lower oxygen concentration. At a deposition temperature of 90°C, less dense surface structures with gaps between ZnO grains were observed. In addition, a hollow structure was observed in ZnO columns.
The carrier density of the ZnO electrodeposited at various deposition temperatures was determined from Mott-Schottky plots, as shown in Fig. 3 . The carrier density increased from 5 © 10 18 to 1 © 10 21 cm ¹3 as deposition temperature increased from 60 to 80°C. At a deposition temperature of 90°C, Mott-Schottky analysis could not be applied due to the surface nanostructures. 32, 33) An increase of carrier density with increasing deposition temperature was also observed in ZnO deposited from a nitrate solution without Cl ¹ . 27) However, dependency of carrier density on deposition temperature was weaker than that reported for ZnO thin films electrodeposited from a nitrate solution (10  14  10 19 cm ¹3 ). 27) In addition, in this study, the highest carrier density of the ZnO deposited with Cl ¹ (1 © 10 21 cm ¹3 ) was greater than that of ZnO deposited without Cl (³10 19 cm ¹3 ). 27) Therefore, the electrodeposition of ZnO from a Cl ¹ solution results in an increased carrier density. The optical properties of the electrodeposited ZnO thin films were evaluated by transmission spectrum measurements. The FTO substrate transmission was subtracted from recorded data, as shown in Fig. 4(a) . Transmittance (T opt ) in the near-infrared (NIR) region decreased as deposition temperatures increased. The decrease of transmittance is because of free carrier absorption. 25, 34) This indicates an increase of carrier density in ZnO, which agrees with the results shown in Fig. 3 . Hence, the decreased transmittance in the NIR region for the ZnO deposited at 90°C implied that the high carrier density was close to that obtained for the ZnO deposited at 80°C. For comparison, the transmission spectrum of the sputtered Al doped ZnO (ZnO:Al) normalized at 624 nm is also shown in Fig. 4(a) . The carrier density of 7 © 10 20 cm ¹3 for the sputtered ZnO:Al was determined by Hall effect measurement. From the comparison of the sputtered ZnO:Al and the electrodeposited ZnO, a decrease of transmittance in the NIR region was confirmed with increasing carrier density. Transmittance in the visible region decreased with increasing deposition temperature, which can possibly be explained by the deposition of metallic zinc. 35) In the electrodeposition of ZnO, reduction of oxygen and zinc ions occurred competitively. Hence, decreased oxygen concentration would lead to enhanced zinc ion reduction. Figure 4 (b) shows the optical band gap energy (E g ) of the deposited ZnO film determined from a photon energy (hv) versus (ln(T opt ) © hv) 2 plot. All E g of the electrodeposited ZnO was greater than that of the pure ZnO (3.3 eV). For highly doped and degenerate semiconductors, an increase in E g is known as the Burstein-Moss effect, 36, 37) which is induced by numerous carriers that occupy the bottom of the conduction band. The band gap widening (¦E g ) caused by the Burstein-Moss effect is related to carrier density (n), as shown in eq. (2). 38 )
where h is Planck's constant, m* (0.24 m e ) is the effective mass of the electron, 38) and m e is the free-electron mass. The calculated ¦E g of 0.35 and 1.57 eV for the ZnO deposited at 70 and 80°C did not agree with the measured ¦E g of 0.16 and 0.14 eV, respectively. These small ¦E g values were possibly caused by the band gap narrowing and/or the nonparabolic nature of the conduction band, which occurs in heavily doped semiconductors.
3941) The band gap narrowing was caused by electronelectron and electron-impurity scattering leading to an upward shift of the valence band and a downward shift of the conduction band. 39) In addition, a nonparabolic conduction band gives rise to the electron effective mass increasing with respect to carrier density. 41) To estimate the influence of the above mentioned effects, the measured ¦E g was compared with several reported values. 31 ,4144) For a deposition temperature of 70°C, ¦E g agreed with values reported by previous studies (ca. 0.15 eV). However, ¦E g for deposition temperature of 80 and 90°C was approximately half of the reported values. This implied that the tailing of valence and conduction band edges was caused by defects possibly generated under strong reduction ambience for high deposition temperature.
For a deposition temperature of 60°C, the measured ¦E g of 0.2 eV was clearly larger than the calculated ¦E g of 0.05 eV. This band gap widening could be assumed to be because of the upward shift of the conduction band and/or the downward shift of the valence band due to the presence of impurities such as incompletely dehydrated species. This assumption can be supported by previously reported results showing a large optical band gap for ZnO/Zn(OH) 2 film deposited at room temperature. 45) The above mentioned facts suggest that the E g of electrodeposited ZnO can be influenced by the Burstein-Moss effect as well as an actual band gap enlargement caused by the solid solute of incompletely dehydrated species.
The resistivity of the ZnO films on the FTO substrate was evaluated from the currentvoltage characteristics measured by the two-point probe method. Two Al electrodes with a 1 mm gap were deposited on ZnO. The ZnO films and FTO substrate were cut into 3-mm-wide rectangles. The resistivity of ZnO was calculated by compensating for the measured resistance of the bare FTO substrate. Figure 5(a) shows the surface resistivity of the ZnO thin films. The error bars show a difference among five samples for each deposition temperature. The resistivity of the ZnO films decreased with increasing deposition temperature. In addition, the errors decreased from ca. 60 to 15% with increasing deposition temperature due to the increase in differences between ZnO thin films and the bare FTO substrate. For a deposition temperature of 70 and 80°C, the resistivity was comparable to reported values. 26) Dependency of resistivity on deposition temperature was weaker than that reported for ZnO deposited from a nitrate solution, 27) which can be attributed to a smaller change in carrier density (Fig. 3) . The resistivity of the ZnO thin films deposited at 90°C could not be evaluated due to high lateral resistance caused by less dense surface structures. In general, the relationship between the resistivity and mobility of a semiconductor can be shown as eq. (3).
where, μ, q, n, and ® app are the resistivity, elementary charge of 1.6 © 10 ¹19 C, carrier density, and apparent mobility, respectively. We note that, in this study, ® app of ZnO thin films in the lateral direction is not the characteristic value for the material; however, it is the apparent value for a film influenced by grain boundary and film morphology (a contact between each ZnO grain). Figure 5(b) shows the apparent mobility of the ZnO thin films calculated using eq. (2). The apparent mobility decreased with increasing deposition temperature. The reason for the decrease in apparent mobility can be explained by the increase of impurity scattering and grain boundaries, as observed by SEM (Fig. 2) . From the carrier density and apparent mobility, the observed decrease of the ZnO film resistivity reveals that carrier density can contribute to resistivity strongly rather than impurity scattering when the carrier density is less than 1 © 10 21 cm ¹3 . The best resistivity values (2 © 10 ¹3 ³·cm) and mobility values (20 © cm 2 V ¹1 s ¹1 ) for ZnO electrodeposited from a Cl ¹ solution have been previously reported in Ref. 26 ). In Ref. 26) , it was suggested that the smooth surface and wellconnected grains of the ZnO films lead to low resistivity. This report and the high resistivity of less dense ZnO deposited at 90°C indicate that morphological control is a key consideration to achieve low resistivity with the dense structure and well-connected grains of ZnO films. Representative peaks for Zn-2p 3/2 of the ZnO film deposited at 60°C are shown in Fig. 6(b) . The decomposition and resolution of the Zn-2p 3/2 peak were difficult to determine. The symmetric shape of the Zn-2p 3/2 peak was similar at all deposition temperatures. The asymmetric shape of the O-1s peaks is also similar at all deposition temperatures, except for that of the ZnO deposited at 90°C. Figure 6( The intensity ratio for O 2¹ ions in the entirely oxidized ZnO (O e ) and in the defective ZnO (O d ) is shown in Fig. 6(d) . The ratio of both O e and O d exhibited no obvious variation with the increase of deposition temperature from 60 to 80°C. However, the ratio of O e decreased and that of O d increased significantly in the ZnO films deposited at 90°C. Because the reduction of incompletely dehydrated species with increasing deposition temperature was indicated in the XRD results, the increase of oxygen vacancies would be a valid reason for the observed increase of the O d ratio.
To investigate the origin of carrier density, the composition ratio of Cl/Zn was estimated by EDX. The composition ratio of Cl/Zn was determined as 4.0, 3.8, 2.7, and 1.6% for 60, 70, 80, and 90°C, respectively. Considering the atom density of Zn in ZnO as 4 © 10 22 cm
¹3
, excess Cl ¹ was found for deposition temperatures of 60 and 70°C. At a deposition temperature of 80°C, the carrier density corresponded with Cl ¹ content calculated as 1.13 © 10 21 cm ¹3 . This correspondence implies that a considerable portion of Cl ¹ contributes to doping. In addition, since the increase of the O d ratio was small relative to the increase in carrier density, the increase of carrier density with deposition temperature can be attributed to the increase of Cl ¹ acting as a donor. On the other hand, for a deposition temperature of 90°C, drastic increase of the O d ratio and deficiency of Cl ¹ content against the carrier density implies the generation of an intrinsic doping such as oxygen vacancies. From the above indications, the following conclusion can be reached. Although the Cl ¹ content in the electrodeposited ZnO decreased with increasing deposition temperature, the ratio of Cl ¹ acting as a donor was increased up to 80°C. 
Conclusion
The structural, electrical, and optical properties of the ZnO films electrochemically deposited at various deposition temperatures from a chloride solution were investigated. The carrier density increased from 5 © 10 18 to 1 © 10 21 cm
¹3
as deposition temperature increased from 60 to 80°C. The highest carrier density was two times greater than that of the ZnO film deposited from a nitrate solution. ZnO electrodeposited from a Cl ¹ solution had a large band gap energy that decreased from 3.50 to 3.44 eV as deposition temperature increased from 60 to 80°C. It was implied that, for a deposition temperature of 60°C, solid solute of incompletely dehydrated species could cause variations in the conduction and valence bands. For deposition temperatures of 70 and 80°C, the Burstein-Moss effect, band gap narrowing, and/or nonparabolic nature of the conduction band were indicated for the variation of band gap. In addition, tailing of conduction and/or valence bands was also indicated for a deposition temperature of 80°C. 
